Ricin is a potent cytotoxin which has been used widely in the construction of therapeutic agents such as immunotoxins. Recently it has been used by governments and underground groups as a poison. There is interest in identifying and designing effective inhibitors of the ricin A chain (RTA). In this study computer-assisted searches indicated that pterins might bind in the RTA active site which normally recognizes a speci®c adenine base on rRNA. Kinetic assays showed that pteroic acid could inhibit RTA activity with an apparent K i of 0.6 mM. A 2.3 A Ê crystal structure of the complex revealed the mode of binding. The pterin ring displaces Tyr80 and binds in the adenine pocket making speci®c hydrogen bonds to active site residues. The benzoate moiety of pteroic acid binds on the opposite side of Tyr80 making van der Waals contact with the Tyr ring and forming a hydrogen bond with Asn78. Neopterin, a propane triol derivative of pterin, also binds to RTA as revealed by the Xray structure of its complex with RTA. Neither pterin-6-carboxylic acid nor folic acid bind to the crystal or act as inhibitors. The models observed suggest alterations to the pterin moiety which may produce more potent and speci®c RTA inhibitors.
Introduction
Ricin is a potent heterodimeric cytotoxin easily isolated from the seeds of the castor plant, Ricinus communis. The protein consists of a lectin B chain, which can bind cell surfaces, and an A chain (RTA) which enzymatically depurinates a key adenine residue in 28 S rRNA (Endo & Tsurugi, 1987) . Ricin has an LD 50 of $1 mg/kg body weight for mice, rats, and dogs, and is ten times more potent against rabbits (Olsnes & Pihl, 1982) . The toxic dose for humans is likely to be in the mg/kg range and ranks it among the most toxic substances known. The protein has been used extensively in the design of therapeutic immunotoxins. In these constructs, ricin, RTA, or a related toxin is chemically or genetically linked to an antibody to form à`m agic bullet'' which can preferentially target those cell lines carrying antigenic markers recognized by the antibody (Frankel, 1988) .
Ricin has also been used as a poison agent. The protein gained notoriety when it was used in the famous``umbrella tip'' assassination of Georgy Markov (Rich, 1992) and was also used in an unsuccessful attempt to poison the famous Soviet dissident Alexander Solzhenitsyn (Remnick, 1992) . Recently, ricin was prepared by a militant anti-tax group which planned to poison IRS personnel; they were arrested and convicted of the crime (de Fiebre, 1995) .
There is interest, given the above, to identify or design potent inhibitors of ricin. These could, in principle, be used to facilitate immunotoxin treatment by helping to control non-speci®c cytotoxicity, or could be used as antidotes to poison attacks. Recently there has been interest in structure-based drug design, that is using the knowledge of protein structure to identify enzyme inhibitors. The most common paradigm for this overall process has been called an``iterative protein crystallographic algorithm'' by Appelt et al. (1991) in a paper describing the design of inhibitors for thymidylate synthase. The main idea is that the protein active site is used as a template to design or to identify complementary ligands. These are then ranked, and tested kinetically. Promising inhibitor candidates are then bound to the protein target and analyzed crystallographically for comparison with the proposed model. Alterations are made in the inhibitor which should improve binding and a new round of tests is carried out.
A number of laboratories have used variations of this protocol to design ef®cacious inhibitors. For example, the search program DOCK (Kuntz et al., 1982) has been used to predict that the known anti-psychotic drug haloperidol would bind to the human immunode®ciency virus (HIV) protease (DesJarlais et al., 1990) . Crystallographic studies, together with computer-aided search methods, were also used in the design of inhibitors of purine nucleoside phosphorylase (Ealick et al., 1991) . The program GRID (Goodford, 1985) has been used to design two very successful inhibitors of in¯uenza virus neuraminidase (von Itzstein et al., 1993) . Chemical substitutions to the sialic acid substrate were predicted to be energetically favorable, based on likely interactions with the known X-ray structure of the enzyme; subsequent binding assays revealed K i values as low as 0.2 nM. These compounds not only inhibited neuraminidase but retarded viral replication in cultured cell and animal models as well.
The X-ray structure of ricin has been solved (Montfort et al., 1987) , re®ned to 2.5 A Ê , and described in detail . The structure of RTA expressed in Escherichia coli has also been solved to 2.3 A Ê resolution for monoclinic crystals (Mlsna et al., 1993) and recently to 1.8 A Ê resolution for a tetragonal form (Weston et al., 1994) . The crystal structures of two substrate analogs, formycin monophosphate (FMP) and the dinucleotide ApG, have also been analyzed bound to ricin A chain (Monzingo & Robertus, 1992) .
The X-ray model allowed identi®cation of a number of amino acid residues which were hypothesized to be important for RTA substrate binding and for the depurination mechanism; these include Glu177, Arg180, Trp211, Tyr80 and Tyr123. Site-directed mutagenesis of the cloned RTA gene has been used to examine the relative signi®cance of these residues (Schlossmann et al., 1989; Frankel et al., 1990; Ready et al., 1991; Kim & Robertus, 1992) . Several closely related mechanisms of action have been proposed which incorporate elements of the structural and kinetic analyses (Monzingo & Robertus, 1992; Ren et al., 1994; Huang et al., 1995) . It is likely that the susceptible adenine base binds between tyrosine residues 80 and 123 while forming speci®c hydrogen bonds with the backbone carbonyl group and amido nitrogen atom of Val81 and with the carbonyl group of Gly121. In the hydrolysis, the leaving adenine is at least partially protonated by Arg180, and Glu177 may stabilize a putative oxycarbonium transition state or, more likely, act as a base to polarize the attacking water.
Until now, no inhibitors for RTA have been identi®ed. Even FMP, which is known to bind RTA, is not an effective inhibitor of the enzyme. Here we report that the X-ray structure of RTA serves to de®ne elements of the active site which can interact strongly with small molecules in a search for inhibitors. Pteroic acid (PTA) is seen to act as an inhibitor for RTA and may serve as a lead compound for the development of more potent inhibitors.
Results
A query was constructed using the geometric and bonding parameters of the observed FMP ligand, and a search of the NCI data base was made with CHEMX. Among the compounds predicted to have hydrogen bond donors and acceptors in an orientation favorable for RTA interaction was the pterin derivative called pteroic acid (PTA). SYBYL calculations suggested that pteroic acid might bind better than FMP. Interaction enthalpies, calculated assuming one negative charge on each ligand, were À106 kcal/mole for pteroic acid, as compared with À89 kcal/mole for FMP. It is important to note that the interaction enthalpies do not consider such terms as con®gurational entropy nor the effect of solvent interactions and so are not meant to represent the free energy of binding the ligand to the protein. The calculation is intended to serve as a rough guide to comparing the likely af®nities of related compounds for the target enzyme.
To determine if pteroic acid was indeed an inhibitor of RTA, it was tested in a protein synthesis assay (see Materials and Methods); because of the limited solubility of pteroic acid, the experiments and controls were carried out at pH 9. Figure 1 shows protein synthesis on 300 nM Artemia salina ribosomes in the presence of varying concentrations of pteroic acid, in the presence and absence of 1.5 nM RTA. The Figure shows that pteroic acid has a minor inhibitory effect on protein synthesis itself; 1.7 mM pteroic acid inhibits protein synthesis about 20%. The inset panel replots the data as the fraction of possible RTA activity versus the concentration of pteroic acid. It shows that 0.6 mM pteroic acid reduces RTA action by 50% and de®nes the effective K i for the inhibitor.
Several efforts were made to crystallographically observe the binding of pteroic acid to RTA. The strongly diffracting tetragonal crystals were grown at pH 4.5 and did not bind the inhibitor either by soaking in a saturated solution or by cocrystallization. Monoclinic crystals, at pH 9, were made 20% saturated with pteroic acid and soaked for seven days. Although the crystals initially cracked, over the soaking time most of the cracks annealed. Diffraction showed that the complex was not isomorphous with the native. Native cell parameters are a 42.6 A Ê , b 68.1 A Ê , c 50.2 A Ê and b 112.9 . The pteroic acid complex crystal has a 39.0 A Ê , b 64.4 A Ê , c 49.4 A Ê and b 108.0 . Three-dimensional data were collected to 2.3 A Ê including 68,262 observations of 10,999 re¯ections; re¯ection intensities scaled with R = 6.5%. Since the crystals were not isomorphous with the native, the RTA-PTA complex was solved using molecular replacement methods. The monoclinic RTA was used as a model for a rotation search using the program X-PLOR (Bru È nger, 1988) . Data between 10 and 4 A Ê showed no rotation. A translation search was then executed with X-PLOR. It showed a translation of 0.65 A Ê along x, and of 2.82 A Ê along z. The initial positioning was completed using the rigid-body re®nement option of X-PLOR; the R-factor to 3 A Ê resolution was 0.36.
A difference map with coef®cients (F o À F c ) was calculated and showed a mixture of positive and negative peaks within the active site. These could be interpreted as the binding of PTA in the area previously seen to bind FMP. The pterin ring occupies the same site as the formycin ring of FMP or the adenine ring of the ApG dinucleotide. This requires that the Tyr80 side-chain rotates roughly 45 to stack with the aromatic surface of the pterin, in a way similar to that seen for FMP (Monzingo & Robertus, 1992) . The Tyr80 position in the model was adjusted and a second (F o À F c ) map computed. This OMIT map is shown in Figure 2 . There is clear electron density for the pterin moiety of the inhibitor; the benzoic acid density is weaker but still allows that group to be readily positioned. PTA was built into the density and the model subjected to four successive rounds of energy minimization and simulated annealing using X-PLOR. Between each round of re®nement the resolution was increased by 0.2 A Ê beginning at 3.0 A Ê and ending at 2.3 A Ê . Another difference map was calculated and 45 water molecules were added to the structure. After a ®nal round of energy minimization and isotropic temperature factor re®nement a ®nal R-factor of 17.9% was calculated for all data to 2.3 A Ê . Isotropic temperature factor re®nement showed the pterin ring, with average B-values of 11, was more rigidly held than the benzoic acid moiety where average B-values were 26. The occupancy of the pteroic acid re®ned to 1.0, as compared to 0.5 seen previously for FMP (Monzingo & Robertus, 1992) .
Following the analysis of PTA, structural and kinetic studies were carried out on a number of other pterin-based compounds, as shown in Table 1 . These differ essentially in the size of the group attached to pterin at position 6.
Neopterin is pterin derivatized at position 6 with propane triol. It was observed in the protein synthesis assay to be a modest inhibitor of RTA, with a K i >2 mM (data not shown). Monoclinic crystals of an RTA complex were obtained by cocrystallization; they were isomorphous with the native, and diffracted to 2.5 A Ê resolution. A total of 58,838 observations of 9030 re¯ections to 2.5 A Ê resolution Figure 1 . Inhibition of ricin A chain (RTA) by pteroic acid. Pteroic acid (squares) has a minor inhibitory effect on protein synthesis using Artemia salina ribosomes. Protein synthesis is reduced to about 20% in the presence of 1.5 nM RTA (circles) but toxin action is inhibited by increasing doses of pteroic acid. The inset replots the level of RTA activity as a function of pteroic acid concentration. were collected (R merge 6.6%), the data reduced, and difference Fourier maps calculated. The pterin ring bound in the site previously seen to bind the formycin ring of FMP (Monzingo & Robertus, 1992) and the pterin ring of PTA as described above. As with PTA and FMP, the side-chain of Tyr80 was displaced by the ligand. Neopterin was positioned by hand, including the propane triol moiety, and X-PLOR used to adjust the position of the ligand and the protein in a simulated annealing re®nement; the R-factor re®ned to 19.5% for all data. Coordinates for both the PTA and neopterin complexes have been submitted to the Brookhaven Protein Data Bank and are available from the authors until they have been processed and released.
Neither pterin-6-carboxylic acid nor folic acid acted as inhibitors of RTA within the limits of their solubility. Efforts to soak the compounds into monoclinic crystals even at saturating conditions, and cocrystallization efforts also failed to produce stable complexes for X-ray analysis. Figure 4 shows a superposition of the formycin ring of FMP (Monzingo & Robertus, 1992) and the pterin ring of PTA. The 2.6 A Ê distance between N1 of pterin and the carbo- nyl oxygen atom of Gly121 suggests that the pterin is stabilized in a tautomeric form with a hydrogen atom on N1 (shown in Table 1 ) and this can be donated to the carbonyl group. Note that the 2-amino group of pterin also donates a hydrogen bond to the carbonyl oxygen atoms of Gly121 as well as to Val81; this roughly mimics the role of the 6-amino group on an adenine substrate. In the same way, N3 of pteroic acid resembles N1 of adenine, receiving a hydrogen bond from the amido N of Val81. The adenine substrate receives a hydrogen bond at N3 from Arg180, and indeed this is the likely route of substrate protonation in the catalytic mechanism. Pteroic acid receives two hydrogen bonds from Arg180, at the 4-oxo and N5 positions.
Discussion
The benzoate moiety of PTA bends around the side-chain of Tyr80 and probably makes some nonpolar interactions with it. In fact the benzoate ring appears to bind on the surface of a pocket hypothesized by Monzingo & Robertus (1992) to be a second recognition site which might accommodate the guanine base of a natural rRNA substrate. Two hydrogen bonds are made to the benzoate group, one between the carboxylate group and Asn78, and one to a water molecule which also bonds Arg258. Although the pterin moiety of PTA makes a strong and speci®c interaction within the adenine recognition site, it seems apparent that the benzoate moiety of PTA is not optimized for interactions within the second site. Modi®cation of this moiety will be a focus for future inhibitor design.
The binding of neopterin to RTA is shown in Figure 5 . The orientation of the pterin ring is similar to that seen for PTA. One difference is the bonding of Arg180 to the inhibitor. It bonds to the 4-oxo group of neopterin, but does not bond to N5 as occurs in the PTA complex. Instead a second bond is formed with the proximal hydroxyl of the propane triol moiety. Associated with this rearrangement is a 7 rotation of the pterin ring. The other atoms of the propane triol moiety of neopterin make no interaction with RTA. Since the propane triol moiety of neopterin is much smaller than the corresponding substituents in PTA, it does not interact with Tyr80 in the same way and appears to lack the van der Waals contribution to binding which might be expected in PTA. This is consistent with energy calculations using SYBYL which show interruption enthalpies between RTA and PTA to be À106 kcal/mole and those between RTA and neopterin to be À73 kcal/mole. Kinetic inhibition data, although not de®nitive, also suggest PTA is a better inhibitor and more likely to exhibit tighter binding. The stronger binding of PTA compared with neopterin argues that design of moiety binding to pterin at the 6 position which makes strong and speci®c interations with RTA will be a pro®table approach to creating an ef®cient inhibitor.
Crystals of RTA-neopterin were isomorphous with native RTA, but crystals of RTA-PTA were reproducibly not isomorphous; RTA-PTA crystals exhibited a contraction of about 3 A Ê along both the a and c axes. A least-squares superpositioning of the two complexes showed very few signi®cant structural differences between them. The largest changes were at the N and C termini, both far removed from the substrate (inhibitor) binding site. The chemical differences between the two inhibitors are centered on the size and charge of the moiety derivatizing pterin at position 6. However, there are no direct interactions of the bound inhibitor with any crystallographically related molecules. Furthermore, the protein conformations itself is very similar in these two active sites, and so it does not appear that inhibitor binding induces protein changes which are then involved directly in crystal packing. It may be that inhibitor binding triggers a series of very subtle changes which propagate throughout the protein and cause a rearrangement of packing, although this seems unlikely. It is also possible that saturating the solution with PTA has an unspeci®ed solvent effect which tends to dehydrate the crystals and causes them to shrink. Except for this phenomenon, the binding of the two inhibitors seems to have roughly the same effect on RTA conformation, moving the Tyr80 side-chain. It seems likely that further inhibitor design can use this observed binding as a foundation and that novel inhibitor models can be ®tted to this template without undue concern about predicting protein responses.
Given knowledge of the binding of PTA and neopterin it is possible to rationalize the observation that neither pterin-6-carboxylic acid nor folic acid binds to RTA. Re®nement and energy minimization using SYBYL suggested that the interaction enthalpy for pterin-6-carboxylic acid, with one negative charge was low (À64 kcal/mole) compared with PTA or neopterin. Inspection of the hypothetical binding, assuming that the pterin moiety assumes the position seen in PTA, suggests that the 6 carboxylate is near Glu177 of RTA. Charge repulsion may therefore prevent binding of this simple compound.
Folic acid does not inhibit RTA, nor does it bind to RTA crystals. Folic acid resembles PTA except that the benzoic acid moiety is derivatized with the long and negatively charged glutamic acid. Electrostatic mapping of the RTA surface shows the mouth of the second recognition site, beyond the area binding the PTA benzoate, is generally negative due to the presence of residues like aspartates 75, 96, and 100. This may repel the folic acid group, driving it into solution and limiting binding compared with PTA.
Materials and Methods
Recombinant RTA was prepared as described by Ready et al. (1991) . RTA activity was measured by its ability to inhibit protein synthesis in an in vitro protein synthesis assay using Artemia salina ribosomes, as described (Ready et al., 1983 . Inhibitor candidates were judged by their ability to disrupt RTA action against the Artemia ribosomes. Pterin compounds including pterin-6-carboxylic acid, neopterin, pteroic acid, and folic acid were purchased from the Sigma Chemical Company (St Louis). Concentrations were evaluated spectroscopically, assuming the same ultraviolet spectrum as folic acid, that is e 283 25,000. Because of the limited solubility of the pterins, the ribosome inhibition assays and controls were carried out at pH 9.
Crystals of RTA were grown in the monoclinic form Mlsna et al., 1993) or in a tetragonal form (Weston et al., 1994) . Three-dimensional diffraction data were collected on a San Diego Multiwire Systems area detector (Hamlin, 1985) with a Rigaku RU-200 Xray source operating at 50 kV, 110 mA with a graphite monochromator. Data were collected using the method of Xuong et al. (1985) and reduced and evaluated using the University of California, San Diego (UCSD) software system (Howard et al., 1985) . Rotation and translation searches as well as crystallographic re®nement of the RTA inhibitor complex (energy minimization and simulated annealing) were carried out using the X-PLOR package (Bru È nger, 1988) . Molecular modeling was carried out using FRODO (Jones, 1982) running on an Evans and Sutherland PS390.
Molecular modeling programs CHEMX and SYBYL were purchased from Chemical Design Ltd (Oxon, England) and Tripos Inc. (St. Louis), respectively. Interaction energies were calculated with the Tripos force ®eld. The energy minimization was terminated when a 0.05 energy gradient value was reached using the Powell algorithm as implemented in SYBYL. A distance-dependent and a constant function (dielectric constant 1.5) were used for dielectric effects, with the expectation that the distance-dependent function can simulate the internal protein dielectric, while the constant function simulates the solvent effect on the protein. Non-bonded cutoff was 8.0 A Ê . The net atomic charges used in minimization were from the Kollman method (Weiner et al., 1984) for RTA and from ab initio calculations (6-31g** basis set) for ligands; these were calculated on CRAY YMP and COIL located at the National Institutes of Health.
